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ABSTRACT: Recent projections of climate change from general circulation and regional climate models over southern
Europe and the Mediterranean basin show strong warming and pronounced decrease in precipitation over large portion of
the region, especially in the summer. While the role of vegetation in modulating the region’s climate is widely recognized,
most, if not all, of these climate change projections do not account for the response of the dynamic biosphere to the potential
climate changes. In this study we investigate the role of climate–vegetation interactions in a regional climate model (RegCM3)
linked to a dynamic vegetation model (CLM-DGVM). High spatial resolution (20 km) simulations of future climate with
static vegetation (i.e. vegetation fixed at the present day state) show surface temperature increases across the entire southern
Europe/Mediterranean domain in 2085–2089 relative to 1985–1989 due to the radiative and physiological effects of CO2
increase. In terms of precipitation the simulations exhibit substantial precipitation decreases for most of the domain and both
summer and winter seasons. Accounting for the effects of structural vegetation changes significantly alters the simulated
climate change effects over these areas, but most substantially over the Mediterranean where vegetation feedback reduces
summer warming by 1 K and reverts the 28% precipitation decrease to a 4% increase. These results emphasize the importance
of including vegetation feedback in the projections of climate change impacts on the Mediterranean climate including extreme
climatic events and storms.
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1. Introduction
The pathways through which atmospheric carbon dioxide
(CO2 ), climate and vegetation can interact are generally
well known. Some examples: atmospheric CO2 concentration affects photosynthesis, water use efficiency and hence,
vegetation productivity (Faisal and Parveen, 2004; Gerber
et al., 2004) especially for C3 plants (i.e. plants in which
the first product of carbon fixation is a compound containing three carbon atoms). Temperature (through modulating evapotranspiration) influences soil water availability,
which in mid- and high-latitude cold regions can enhance
the length of the growing season due to higher temperatures; precipitation also impacts the water availability for
plants. Vegetation is not only influenced by climate and
atmospheric CO2 , but it influences the climate and atmospheric CO2 through its impacts on (1) water and energy
fluxes via land surface characteristics such as albedo, surface roughness, rooting depth, stomatal resistance and leaf
area index (LAI) (Foley et al., 2000), and (2) biogeochemical fluxes via uptake of CO2 and carbon storage at the land
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surface (Claussen, 2009). Thus, changes in vegetation,
whether they are driven by climate change or due to anthropogenic reasons, can feed back on climatic processes. It is
therefore important to further our understanding of vegetation response to climate changes as a critical step to
improving the predictability of the climate system.
Giorgi (2006) assessed the vulnerability and responsiveness of different regions of the world to potential climate
change from climate projections by global climate models
(GCMs) that were employed in the Intergovernmental
Panel on Climate Change (IPCC) fourth assessment report
(AR4) analysis. He identified the Mediterranean and northeastern Europe as the primary climate change ‘hot-spots’
based on a regional climate change index that reflects
temperature and precipitation changes (in mean and variability). In particular, the climate of the Mediterranean
region is projected to change considerably by the end of
the 21st century, with most coupled atmosphere–ocean
GCMs projecting a stronger warming than the global average and a pronounced decrease in precipitation (especially
in the summer) in a large portion of the region (Giorgi
and Bi, 2005; Lionello et al., 2006). Sheffield and Wood
(2008) examined multi-model, multi-scenario IPCC AR4
GCM simulations to assess changes in drought occurrence. Again the Mediterranean and southern Europe
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emerged as regions that show large increases in the
frequency of long-term droughts under future climate
change. A regional climate modelling study by Gao and
Giorgi (2008) found a substantial increase in aridity in
the Mediterranean under increased greenhouse concentrations in the future. An analysis by Turp et al. (2015) of
changes in near surface air temperatures and precipitation
over the Mediterranean region projected by 14 Coupled
Model Intercomparison Project (CMIP5) models also
revealed warmer and drier climate conditions through the
21st century. Given that the South Europe/Mediterranean
ecosystems are already largely water-limited (Montaldo et al., 2008) drier conditions in the future might
have important implications for vegetation productivity and structure, with potential feedbacks to climate
change.
Few, if any, of the current GCM or regional climate
model (RCM) projections over the Mediterranean and
Europe in general (e.g. Christensen and Christensen, 2007;
Déqué et al., 2005; Giorgi and Lionello, 2008) have considered the contributions of vegetation dynamics in the
simulations of the hydroclimatic sensitivity to elevated
CO2 concentration. In this study we investigate the impact
of the natural vegetation-climate interactions on the simulated future climate change over the southern European
and the Mediterranean region. The role of interactive vegetation can be especially important in the Mediterranean,
where the Holocene global climatic changes are thought to
have been a determining factor of the region’s vegetation
dynamics during that period (Jalut et al., 2009). For this
purpose we have used a linked regional climate-vegetation
model to study the sensitivity that natural vegetation
response to elevated atmospheric CO2 concentration and
attendant climate change has on the simulated future climate change over the study region. The model simulations from this study should not be viewed as a prediction
of future vegetation changes and/or its feedbacks on climate for the study region (as we have considered only
natural vegetation changes, and do not account for land
cover changes caused by agriculture, deforestation and
other human activities). Instead this is a study aimed at providing a predictive understanding of the region’s climate
system, and particularly, understanding how important is
the two-way interaction between vegetation and climate
in simulating future climate over southern Europe and the
Mediterranean. This study, even though the versions or
generations of the RCM and GCM it employed are not the
most current ones, provides a baseline set of simulations
to which future studies can be compared to offer insights
into future climate-vegetation changes over our study
region.
The manuscript is organized in the following sections.
In Section 2 we provide a description of the models, data
and the experimental design used. The section also provides an evaluation of the model performance in simulating present day climate, focusing on temperature and
precipitation variables. Results are presented and analysed
in Section 3, followed by a summary and conclusions in
Section 4.
© 2016 Royal Meteorological Society

2. Models and methodology
2.1. Model description
The International Centre for Theoretical Physics (ICTP)
regional climate model (RegCM3) (Pal et al., 2007)
and the National Center for Atmospheric Research
(NCAR) Community Land Model Dynamic Global
Vegetation Model (CLM-DGVM) (Levis et al., 2004)
are used here. RegCM3 is a hydrostatic model with
a terrain-following 𝜎-pressure vertical coordinate system. Various physical processes are parameterized in
the model. These include the planetary boundary layer
physics (Holtslag et al., 1990), solar and long-wave
radiation (Kiehl et al., 1996), convective precipitation
[parameterized with one of three schemes: Modified-Kuo
scheme (Anthes, 1977), Grell scheme (Grell, 1993), and
MIT-Emanuel scheme (Emanuel, 1991)], large-scale precipitation (Pal et al., 2000), and the land surface physics
(Biosphere-Atmosphere-Transfer Scheme version 1e,
BATS1E; Dickinson et al., 1993). For each model grid
cell, the dominant land cover/vegetation class is used to
represent the land surface type in that grid cell. In the
present study, RegCM3 was run with the MIT-Emanuel
convection scheme (selected based on preliminary model
performance tests over our domain) at a 20-km horizontal
resolution with 18 vertical levels from the surface to a
model top at 50 mb. The model domain spans approximately 3∘ W–34∘ E and 31∘ –51∘ N. RegCM3 has been
applied in past climate studies for the Mediterranean
region (e.g. Alpert et al., 2008; Önol and Semazzi, 2009;
Santese et al., 2010).
The dynamic vegetation model, CLM-DGVM, simulates
the biogeophysical and biogeochemical processes associated with energy, water, momentum and carbon fluxes
between the land and atmosphere, and natural vegetation structure and distribution. Its plant phenology scheme
updates vegetation leaf and stems area indices (LAI and
SAI) daily, based on the cumulative effects of temperature, soil moisture and/or net primary productivity (NPP).
Vegetation distribution and structure (annual maximum
LAI and canopy height) are updated yearly based on the
year’s NPP of the different plant functional types (PFTs)
as well as mortality (e.g. due to shading, heat stress or
fire) and establishment. Fire occurrence and effects are
also simulated at a yearly time step. CLM-DGVM represents vegetation using ten PFTs, namely, needleleaf
evergreen temperate trees, needleleaf evergreen boreal
trees, broadleaf evergreen tropical trees, broadleaf evergreen temperate trees, broadleaf deciduous tropical trees,
broadleaf deciduous temperate trees, broadleaf deciduous boreal trees, C3 artic grasses, C3 non-artic grasses
and C4 grasses. Up to 10 PFTs may coexist in each grid
cell in CLM-DGVM while for each model grid cell in
BATS1E, the dominant land cover/vegetation class (i.e.
the land cover type with the highest fractional coverage)
is used to represent the land surface type in that grid
cell. The BATS1E land cover/vegetation classes include:
crop/mixed farming, short grass, evergreen needleleaf
tree, deciduous needleleaf tree, deciduous broadleaf tree,
Int. J. Climatol. 37: 2037–2050 (2017)
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Table 1. Performed experiments.
Experiment name

Short description

Lateral boundary
conditions and SSTs

Vegetation initialization

CO2

20C3M

1980-1989 coupled
RegCM3/CLM-DGVM
run

CCSM 20C3M

356 ppm

A1B

2080-2089 coupled
RegCM3/CLM-DGVM
run

CCSM SRESA1B

A1B_20C3MVEG

2080-2089 RegCM3 run
with prescribed static
vegetation

CCSM SRESA1B

Simulated by CLM-DGVM, driven
with 1980 climate from a prior
standard RegCM run (with USGS
landcover) with CCSM 20C3M
boundaries
Simulated by CLM-DGVM, driven
with 2080 climate from a prior
standard RegCM run (with USGS
landcover) with CCSM SRESA1B
boundaries
1980 Vegetation as in experiment
20C3M

evergreen broadleaf tree, tall grass, desert, tundra, irrigated
crop, semi-desert, ice cap/glacier, bog or marsh, inland
water, ocean, evergreen shrub, deciduous shrub, mixed
woodland, forest/field mosaic and water and land mixture.
Most of these are also represented in the CLM-DGVM categories, which facilitates the mapping of vegetation simulated by CLM-DGVM to the BATS1E classes used in
RegCM3. CLM-DGVM needleleaf evergreen (temperate
or boreal) trees map to BATS1E evergreen needleleaf tree
class, needleleaf deciduous boreal trees to BATS1E deciduous needleleaf tree class, broadleaf evergreen (tropical or
temperate) trees to BATS1E evergreen broadleaf tree class,
broadleaf deciduous (tropical, temperate, or boreal) trees
to BATS1E deciduous broadleaf tree class, and C4 grasses
to the BATS1E tall grass category. CLM-DGVM does not
simulate shrubs. Bonan et al. (2003) and Sitch et al. (2003)
provide detailed descriptions and evaluations of the model
and found that it reproduces the global biogeography and
NPP reasonably well. CLM-DGVM is designed to run at
any spatial resolution and over a limited area or the entire
globe. Here, it operates at the same horizontal resolution
and over the same domain as RegCM3.
2.2. Data and design of simulation experiments
The meteorological initial and lateral boundary fields for
the RegCM3 simulations are provided by the six-hourly
output (temperature, specific humidity, surface pressure
and wind components) from the National Center for Atmospheric Research (NCAR) global climate system model
CCSM3 (CCSM hereafter) IPCC AR4 simulations. For
oceanic forcing, monthly outputs of sea surface temperatures (SSTs) from the corresponding CCSM experiments
are used. We considered two climate scenarios: CCSM
20th century climate simulation using observed atmospheric CO2 concentration (20C3M), and CCSM 21st
century climate simulation using atmospheric CO2 concentration from the SRESA1B (Nakicenovic and Swart,
2000) (CO2 concentration stabilizes at about 720 ppm
after 2100). The initial vegetation conditions for 20C3M
(SRESA1B) were created by running CLM-DGVM
offline for 100 years beginning from bare ground to allow
© 2016 Royal Meteorological Society

720 ppm

720 ppm

simulated vegetation to reach a near-equilibrium state
with respect to vegetation coverage and LAI, forced
repeatedly by 1980 (2080) climate output from a standard
(uses observed land cover from USGS) RegCM3 run with
CCSM 20C3M (SRESA1B) lateral boundary conditions.
To allow vegetation response to climate changes and
feedback of such responses on climate, like in Alo and
Wang (2010), RegCM3 and CLM-DGVM were iteratively
linked using an asynchronous coupling procedure (Betts
et al., 2000; Claussen, 1998; Cook and Vizy, 2008; Diffenbaugh, 2005). Three experiments were conducted in
order to illustrate the influence that structural vegetation
changes (due to climate changes) have on climate and
surface hydrological conditions: (1) Experiment 20C3M
representing a present- day climate and vegetation run,
(2) experiment A1B representing a future climate and
vegetation run, and (3) experiment A1B_20C3MVEG
representing a future climate run with vegetation fixed at
the present day state (see Table 1 for details). The 20C3M
and A1B experiments are conducted with CLM-DGVM
and RegCM3 in asynchronous coupling mode, while
A1B_20C3MVEG using RegCM3 alone. Figure 1 shows
a schematic representation of how the asynchronously
coupled experiments (i.e. experiments 20C3M and A1B)
were carried out. As illustrated in the schematic, in
experiment 20C3M, RegCM3 is first run for a year using
the corresponding CCSM3 20C3M boundary conditions
and SSTs, with atmospheric CO2 concentration fixed at
356 ppm and equilibrium vegetation distribution (vegetation type and daily LAI) corresponding to the 1980
climate from a prior CLM- DGVM integration. The resulting climate from RegCM3 is used to drive CLM-DGVM
for a restart simulation which is 1 year long. Atmospheric
CO2 concentration is also held constant at 356 ppm for the
CLM-DGVM run. The new vegetation distribution from
CLM- DGVM is then, in turn, fed back into RegCM3
for the second year (1981) of the RegCM3 run. The
iteration continues for the entire 10-year RegCM3 simulation from 1980 to 1989. In experiment A1B, initial
and lateral boundary conditions and SSTs are based
on CCSM3 SRESA1B output, with CO2 concentration
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 1. Schematic representation of asynchronous coupling procedure.

fixed at 720 ppm and initial equilibrium vegetation distribution corresponding to the 2080 climate from a prior
CLM- DGVM integration. The asynchronously coupled
RegCM3/CLM-DGVM is integrated from 2080 to 2089.
In this experiment, atmospheric processes (physics and
circulation), plant physiological processes (photosynthesis and stomatal resistance) and structure of vegetation
cover are all allowed to respond to elevated CO2 . In the
third experiment (A1B_20C3MVEG) initial and lateral
boundary conditions and SSTs are based on CCSM3
SRESA1B output, with CO2 concentration fixed at
720 ppm, and vegetation distribution is fixed at the 1980
equilibrium state. Thus, experiment A1B_20C3MVEG is
identical to experiment A1B in all respects except that,
unlike in experiment A1B, the structure of vegetation
cover is not allowed to respond to elevated CO2 and
climate changes in the experiment A1B_20C3MVEG,
i.e. structural vegetation feedback is not accounted for
in A1B_20C3MVEG. Therefore, the difference between
A1B and A1B_20C3MVEG simulation fields represents
the effect of changes in vegetation cover on climate and
hydrological conditions, whereas the difference between
A1B_20C3MVEG and 20C3M simulation fields reflect
the joint radiative (warming and ensuing climate changes)
and physiological effect of CO2 . Finally, the difference
between A1B and 20C3M simulated fields depicts the
combined CO2 radiative and physiological effects and
structural vegetation feedback. The calculation of LAI
by BATS in RegCM3 was disabled in all the simulations
since daily LAI was part of the output from CLM-DGVM
supplied to RegCM3.
The last 5 years of the simulations were averaged
and used for the analysis presented in this article. We
identify seven sub-regions, representing the different
geographical and climatic regimes within the model
domain (ranging from the arid North Africa to the mountainous climate of the Alps), for quantitative analysis
of spatial patterns of simulated changes (Figure 2). The
selected regions include North Africa (NAF): 10∘ W–25E,
31∘ –36∘ N; the Iberian Peninsula (IBE): 10∘ W–3∘ E,
36∘ –44∘ N; the Central Mediterranean (MED): 3∘ –25∘ E,
36∘ –44∘ N; Turkey (TUR): 25∘ –33∘ E, 36∘ –42∘ N; Western Europe/France (FRA): 5∘ W–5∘ E, 44 –50 N; (ALP)
Alps: 5∘ –15∘ E, 44 –48 N; and Eastern Europe (EEU):
© 2016 Royal Meteorological Society

FRA

ALP

IBE

MED

EEU
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NAF

50

150 200 300 500 700 900 1200 1500 1800

Figure 2. Sub-regions used for area-averages of changes presented in
this paper. NAF: North Africa; IBE: Iberian Peninsula; MED: Central
Mediterranean; TUR: Turkey; FRA: Western Europe/France; ALP: Alps;
EEU: Eastern Europe. Colour shading indicates elevations (in meters).
[Colour figure can be viewed at wileyonlinelibrary.com].

15–30∘ E, 44∘ –49 N. Our definitions of sub-regions ALP,
IBE and MED are similar to those of Gao and Giorgi
(2008).
2.3. Model evaluation
In the next we evaluate the performance of the coupled RegCM3/CLM-DGVM in simulating current climate
parameters over the model domain. Figure 3 shows the
simulated 1985–1989 average surface air temperature for
June-July-August (JJA) and December-January-February
(DJF), along with the corresponding observed 1985–1989
average fields based on the 0.25∘ E-OBS European dataset
(Haylock et al., 2008). The latitudinal temperature gradient as well as the relatively colder climate in the Alpine
region is generally well represented in the model. The
model simulation however has some errors; e.g. warm
biases are shown in significant portions of EEU both in
JJA and DJF. The PRUDENCE (Prediction of Regional
Scenarios and Uncertainties for defining EuropeaN Climate change risks and Effects) models (including RegCM)
(Christensen and Christensen, 2007; Déqué et al., 2005;
Giorgi and Lionello, 2008) also exhibit a warm bias over
most of Europe (including EEU) in both seasons (Giorgi
and Coppola, 2009). The general observed precipitation
pattern across the domain is also fairly well reproduced by
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 3. 1985–1989 average surface air temperature (in ∘ C) from coupled RegCM/CLM-DGVM simulation 20C3M and from E-OBS data for
June-July-August (JJA) (a and b) and December-January-February (DJF) (c and d). [Colour figure can be viewed at wileyonlinelibrary.com].

the model, but again it has errors in simulating some of the
observed precipitation features (Figure 4). Specifically, the
model correctly gets the observed precipitation maxima in
the Alpine region (in JJA and DJF), northwestern Iberian
region (in DJF), southwestern Turkey region (in DJF), and
along the coastline in eastern Mediterranean, but their spatial extents are inaccurate. The larger biases are exhibited
in DJF, a feature also noted in the PRUDENCE models
(Giorgi and Coppola, 2009), which could also be attributed
to errors in the observational dataset as there is a paucity
of accurate precipitation observations in the winter due to
mixed phase precipitation.

3. Results
3.1. Changes in vegetation patterns
The simulated changes in abundance of different vegetation types are shown in Figure 5. Changes in evergreen tree
coverage are small both in magnitude and spatial extent,
with only increases of less than 7% in MED, IBE and EEU
regions and a decrease of about 10% in the ALP region.
Although many of the regions of the domain do not exhibit
© 2016 Royal Meteorological Society

a widespread change in woody plant functional type cover,
ALP is a clear standout, with about 60% decrease in deciduous tree cover. Other regions with deciduous tree cover
decrease include the MED (−40%) and EEU (−15%).
Changes in grass cover are widespread across the domain.
Overall, NAF, EEU and MED show 56%, 19% and 5%
increases in grass cover, respectively, while FRA and IBE
show 51% and 31% decrease, respectively. These vegetation changes are connected to the precipitation changes
and/or the CO2 fertilization effect.
The spatial patterns of changes in grid-average LAI for
the JJA and DJF seasons are similar (Figure 6(a) and (b)).
There is a marked increase in vegetation density over a
large portion of EEU, consistent with the strong increase of
non-woody PFT fractional coverage in that portion. There
is strong greening in the parts of NAF, MED, FRA and IBE
where there are also pronounced increases in grass cover.
The only regions where there are overall LAI reductions
are FRA (∼−49%) and IBE (∼−34%).
3.2.

Changes in surface temperature

As shown in past GCM projections (e.g. IPCC, 2007), the
radiative and physiological effect of increased atmospheric
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 4. 1985–1989 average precipitation (in mm/day) from coupled RegCM/CLM-DGVM simulation 20C3M and from E-OBS data for
June-July-August (JJA) (a and b) and December-January-February (DJF) (c and d). [Colour figure can be viewed at wileyonlinelibrary.com].

CO2 concentration results in a warmer future climate
across the domain in both JJA and DJF seasons (Figure
7(a) and (c)). Surface temperature increases over the predefined regions of the domain range between 4.7 and 6.0 K
in JJA and 2.4–3.9∘ K in DJF, with the maximum warming
in IBE and TUR during JJA and in EEU during DJF. These
warming patterns are broadly consistent with those from
the PRUDENCE RCMs (Giorgi and Coppola, 2009).
The impact of changes in vegetation structure on surface
temperature mainly occurs in JJA, with vegetation-induced
cooling between 0.5-2∘ K over large areas across the
domain (Figure 7(b)). In some of these areas (e.g. most of
EEU), where there are LAI increases, this cooling effect
is due to increased evaporative cooling as a result of the
higher LAI. In other areas (e.g. part of IBE), where there
are LAI decreases, the cooling effect of increased surface
albedo (Figure 6(c) and (d)) (as increase in surface albedo
decreases net radiation and therefore surface temperature)
seems to overwhelm the warming effect of decreased LAI
(as decrease in LAI reduces evaporative cooling) leading
to a net cooling impact of vegetation feedback. The warming impact of structural vegetation changes in northeastern FRA during JJA is a consequence of decreased LAI.
Vegetation-induced cooling ranges between 0.2 and 1.4 K
© 2016 Royal Meteorological Society

for the seven sub-regions. Compared with the radiative and
physiological impact of elevated CO2 (JJA warming in the
range of 4.7–6.0 K), the effect of vegetation feedback on
surface temperature is of a significantly smaller magnitude. There is very little impact of structural vegetation
changes on temperature during the winter months (DJF)
(Figure 7(d)).
3.3. Changes in precipitation
Generally consistent with the PRUDENCE ensemble, JJA
precipitation decreases substantially over large areas in
IBE, MED, TUR, FRA, ALP and EEU due to elevated
atmospheric CO2 concentrations (Figure 8(a) and (d);
Table 2). On the other hand, winter (DJF) precipitation is
shown to increase by 24% over FRA (Table 2). Parts of
IBE and ALP also exhibit a significant increase in winter
precipitation.
The changes in precipitation due to structural vegetation feedback are presented in Figure 8(b) and (e).
Through enhanced evapotranspiration from higher LAI,
structural vegetation feedback causes substantial increases
in precipitation over TUR (+51%), IBE (+33%), MED
(+32%), EEU (+23%) and ALP (+13%) during JJA.
This additional precipitation due to vegetation changes
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 5. Changes in fractional coverage of vegetation types (A1B-20C3M) as percent of vegetated portion of grid cell (a, b, c), and future potential
natural vegetation distribution from the RegCM3/CLM-DGVM A1B simulation (d). 1: desert (no vegetation); 2: grasses; 3: deciduous trees; 4:
evergreen trees. [Colour figure can be viewed at wileyonlinelibrary.com].

moderates the precipitation reduction due to the radiative and physiological effect of CO2 in IBE, TUR, ALP,
and EU, and even more than offsets the reduction in
MED (Figure 8(c)). Particularly in parts of MED and
IBE, the structural vegetation changes take the form of
increases in fractional coverage of evergreen trees or
even evergreen trees dominance (Figure 5(a) and (b)).
The higher vegetation density (LAI) enhances evapotranspiration and leads to an overall increase in precipitation in MED and suppressed precipitation reduction in
IBE. Vegetation-related precipitation changes during DJF
are relatively small in spatial extent compared to during
JJA, with appreciable localized changes only in FRA and
ALP. In FRA, vegetation feedback moderates the 24%
precipitation increase due to radiative and physiological
CO2 effects to 13%, and in ALP, what would have been
a 10% precipitation decrease now becomes only a 1%
decrease when structural vegetation feedback effects are
included.
3.4. Changes in surface water budget
The precipitation decrease in IBE, MED, TUR, FRA and
EEU during JJA due to the radiative and physiological
© 2016 Royal Meteorological Society

effect of elevated CO2 (Figure 8(a)) is shown to lead
to a reduction in evapotranspiration (ET) in these
regions (Figure 9(a); Table 2). In a large part of ALP,
a region where precipitation is high under the present-day
(20C3M) climate conditions, actual ET increases due
to the increased potential ET associated with a warmer
future (A1B) climate as the decrease in precipitation is not
large enough to limit moisture availability. During DJF,
elevated atmospheric CO2 leads to ET increases in IBE,
MED, FRA, ALP and EEU, and decreases in NAF and
TUR (Figure 10(a) and (b); Table 2). The changes in LAI
(Figure 6(a)) and/or precipitation increases associated
with changes in vegetation structure (Figure 8(b)) result
in the JJA vegetation feedback evapotranspiration signal
depicted in Figure 9(b). Increases of 30%, 24%, 19% and
14% are shown for TUR, EEU, IBE and MED regions,
respectively, due to the effects of vegetation feedback,
while FRA, NAF and ALP regions exhibit decreases of
11%, 5% and 4%, respectively. In DJF, the most notable
vegetation feedback signal is found in FRA where an
evapotranspiration decrease of 51% occurs due to vegetation changes (Figure 10(b)). Evapotranspiration also
decreases by 9% in ALP and by 7% in IBE.
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 6. Changes during June-July-August and during December-January-February in LAI of potential vegetation (A1B-20C3M) (a and b,
respectively, in m2 /m2 ), and in surface albedo due to vegetation structural changes (c and d, respectively). [Colour figure can be viewed at
wileyonlinelibrary.com].

Percent changes in surface runoff due to CO2 radiative
and physiological effects are high in most of the predefined regions (Table 2). In terms of amount only ALP
region exhibit substantial changes in surface runoff during JJA (Figure 9(c)) where precipitation decrease is also
substantial. In DJF, the sign of surface runoff changes
across the domain closely follows that of precipitation
changes, with decreases in NAF, MED, TUR and parts
of IBE and ALP, and increases in FRA and parts of IBE
and ALP (Figure 10(c)). Surface runoff changes caused by
vegetation feedback during JJA are small in spatial extent
(Figure 9(d)). Changes of 1 mm day−1 or more are found
in a small part of ALP. Appreciable vegetation-induced
surface runoff changes are of a significantly larger spatial extent in DJF (Figure 10(d)). Increases of 21% and
11% are projected for ALP and EEU, respectively, and a
decrease of 12% for FRA (Table 2). These runoff changes
largely reflect the vegetation-related precipitation changes
(Figure 8(b) and (e)).
In terms of root zone soil moisture, the radiative and
physiological effects of CO2 result in drier conditions in
© 2016 Royal Meteorological Society

both seasons over IBE, MED, TUR and EEU regions. The
decreases in soil moisture are linked to the corresponding decreases in rainfall (Figures 8(a), (d), 9(e) and 10(e);
and associated Table 2). Soil moisture in FRA and IBE
regions increases in JJA and DJF. The increases are due to
the precipitation increase in DJF and its carry-over effect
in JJA, and reduced transpiration due to stomatal closure
under enhanced atmospheric CO2 concentration (in both
DJF & JJA). The overall soil moisture change signal over
NAF due to CO2 physiological and radiative effects is
small (1.6% increase). The spatial pattern of root zone
soil moisture response in DJF differs very little from the
JJA pattern (Figures 9(e), (f), 10(e) and (f)) suggesting
a weak seasonal dependency of simulated soil moisture
in the land surface scheme (BATS) of RegCM3 (Alo and
Wang, 2010). Figures 9(f) and 10(f) show the changes in
root zone soil moisture associated with changes in vegetation structure. Like with the radiative and physiological
CO2 effect, the JJA and DJF signals are quite similar. In
both seasons, root zone soils get wetter in IBE, TUR and
EEU and drier in FRA, ALPS and NAF due to structural
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 7. Changes in near surface (2-m) air temperature (in K) due to the radiative and physiological effects of CO2 combined, and due to vegetation
structural changes alone during June-July-August (a and b, respectively) and during December-January-February (c and d, respectively). [Colour
figure can be viewed at wileyonlinelibrary.com].

vegetation feedback. In MED, where the vegetation feedback soil moisture signal is very mixed, the increases in
root zone soil moisture over some portions nearly balance
the decreases in other parts and lead to a regional-average
change of less than 2% in both JJA and DJF. Especially for
places where the radiative and physiological effects of elevated CO2 cause a strong soil moisture anomaly, structural
vegetation feedback exerts a soil moisture signal whose
direction is opposite to that of the change due to the radiative and physiological CO2 effects (Figures 9(e), (f), 10(e)
and (f)).
4. Summary and conclusions
We used a linked regional climate-vegetation model to
explore the effects of dynamic vegetation on climate projection over the Mediterranean region. According to the
simulations, accounting for dynamic vegetation would
introduce widespread changes in vegetation density and
substantial changes in the fractional coverage of vegetation
types. Deciduous tree cover decreases by 60% and 40%
in the Alpine and Mediterranean regions, respectively,
while grass cover increases by 56% and 19% in North
© 2016 Royal Meteorological Society

Africa and Eastern Europe, respectively. Also, grass cover
decreases in France and the Iberian Peninsula by 51% and
31%, respectively. Our simulations without dynamic vegetation show surface temperature increases across the entire
domain in 2085–2089 relative to 1985–1989, due to the
radiative and physiological effects of CO2 . Incorporating
changes in vegetation cover significantly alter the simulated climate and hydrological changes due to the radiative
and physiological effects of elevated CO2 . Specifically,
JJA warming of 5.8∘ K and 28% precipitation reduction due
to radiative and physiological CO2 effects are simulated for
the Mediterranean; accounting for the effects of changes
in vegetation reduces the warming to 4.9∘ K (1 deg K difference), and reverts the precipitation decrease to a 4%
increase. Over western Europe/France, however, vegetation feedback effects reduce the JJA warming of 5.8∘ K
by only 0.2∘ K, and the 49% JJA rainfall reduction moderately (5%). This highlights the high degree of geographical
dependency of the effect of vegetation feedback on the climate system.
Analysis of spatial patterns of changes for sub-regions
of the study domain revealed that apart from northwestern Europe/France, which exhibits a precipitation decrease
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 8. Changes in precipitation (in mm/day) due to the radiative and physiological effects of CO2 , due to vegetation structural changes alone,
and due to the combined impact of radiative and physiological effects of CO2 , and vegetation structural changes during June-July-August (a, b and
c, respectively) and during December-January-February (d, e and f, respectively). [Colour figure can be viewed at wileyonlinelibrary.com].

Table 2. Percentage changes in different water balance terms in 2085–2089 relative to 1985–1989 due to CO2 radiative and
physiological effects (A1B_20C3MVEG-20C3M) (in italics), and due to vegetation feedback (A1B-A1B_20C3MVEG) (in bold)
for June-July-August(JJA) and for December-January-February (DJF).
Variable

Season

% Change
North Iberian
Central
Turkey Western Alps Eastern
Africa Peninsula Mediterranean (TUR) Europe (ALP) Europe
(NAF)
(IBE)
(MED)
(FRA)
(EEU)

Rainfall

JJA
DJF

Evapotranspiration JJA
DJF
Surface Runoff

JJA
DJF

Soil Moisture

JJA
DJF

A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG
A1B_20C3MVEG-20C3M
A1B-A1B_20C3MVEG

−3.1
−0.4
−43.4
+0.5
−10.4
−5.0
−28.1
−0.1
+6.3
+7.5
−51.3
−4.8
+2.2
−14.3
+1.6
−14.5

in JJA and an increase in DJF, all other regions (Iberian
Peninsula, Mediterranean, Turkey, the Alpine and Eastern Europe) show substantial precipitation decreases both
in JJA and DJF as a result of the radiative and physiological effects of elevated CO2 . Corresponding to these
© 2016 Royal Meteorological Society

−64.3
+32.8
−13.6
+1.4
−54.2
+18.5
+9.1
−7.4
−78.1
+34.8
−26.7
+6.0
−18.8
+18.2
−16.2
+14.7

−27.5
+32.2
−22.6
+3.2
−25.8
+14.0
+3.7
+1.5
−64.5
+25.1
−37.5
+3.9
−6.1
−1.8
−6.1
−1.2

−55.9
+50.8
−45.4
+6.0
−52.4
+30.2
−13.8
+7.4
−77.4
+49.6
−62.4
+7.9
−18.0
+15.4
−22.6
+13.9

−49.4
+4.8
+23.7
−11.3
−29.9
−10.7
+62.8
−50.5
−70.1
+17.0
+20.6
−11.5
+42.8
−43.5
+45.9
−45.9

−28.1
+12.8
−9.5
+9.2
+4.0
−3.6
+38.0
−8.5
−55.5
+13.8
+18.4
+20.6
+16.8
−22.3
+22.6
−23.9

−36.0
+23.3
−13.0
+8.8
−26.8
+23.6
+12.9
+6.5
−51.2
−35.3
−21.7
+11.2
−15.7
+9.7
−13.4
+11.0

precipitation decreases, are evapotranspiration decreases
from these areas; the exception being areas that are
strongly not water-limited (e.g. the Alps) and so exhibit
an increase caused by the higher evaporatranspirational
demand of the atmosphere due to warming. Surface runoff
Int. J. Climatol. 37: 2037–2050 (2017)
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Figure 9. Changes due to the radiative and physiological effects of CO2 , and due to vegetation structural changes alone in evapotranspiration (a and
b, respectively, in mm/day); in surface runoff (c and d, respectively, in mm/day); and in root zone soil water depth (e and f, respectively, in mm) for
June-July-August. [Colour figure can be viewed at wileyonlinelibrary.com].
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Figure 10. Same as Figure 9 but for December-January-February. [Colour figure can be viewed at wileyonlinelibrary.com].

decreases most substantially only over the Alps during JJA
where precipitation decrease is also substantial. In general, the sign of surface runoff changes across the domain
closely follow that of precipitation changes. So is the
soil moisture change signal with the reduced transpiration
due to stomatal closure under enhanced atmospheric CO2
© 2016 Royal Meteorological Society

concentrations contributing to, or modifying, the soil moisture response.
We note that the simulations presented in this study do
not account for land cover changes due to human-induced
land use changes. This is an important limitation to point
out, given that the present day vegetation distribution over
Int. J. Climatol. 37: 2037–2050 (2017)
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the domain of the present study shows very vast regions of
croplands/mixed farming (not shown). While simulating
how anthropogenic activities will alter the land surface in
the future remains a challenge, model simulations suggest
that global anthropogenic land cover changes may have
larger effects on the 21st-century climate than natural vegetation changes (review by Levis, 2010). Furthermore, our
modelled vegetation responses and associated effects are
subject to the uncertainty about the extent to which vegetation productivity might be enhanced by CO2 enrichment.
While our asynchronous coupling approach allows for
transient vegetation dynamics and feedback on climate,
fully (synchronously) coupling the regional climate and
vegetation models in a single modelling framework will
allow internal consistency in the representation of feedback processes (Levis et al., 2004). Another likely source
of uncertainty in the vegetation feedbacks presented in this
study is our use of an offline dynamic vegetation model
simulation to generate the initial vegetation condition
for the future climate experiment. Therefore, a future
advancement of this work will be to use the vegetation
and climate models synchronously coupled and initialized
with vegetation consistent with present day climate, and
then perform transient simulations from present day to
late 21st century and compare the results with those
presented in this study. Finally, we would like to note that
our conclusions are based on lateral boundary conditions
from only one GCM output that was used to drive the
regional model. These limitations notwithstanding, our
methodology allowed us to explore the question posed
in the Introduction section, namely, how important is
the two-way interaction between vegetation and climate
for projecting future climate over southern Europe and
the Mediterranean? Results demonstrate that vegetation
dynamics play an important role in climate predictability
over this region, thus emphasizing the need to include
vegetation dynamics in future climate projections.
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